Transcription of the murine D7Rp2e gene is highly variable among species of the genus Mus, indicating that extensive modifications in the gene's regulatory elements have occurred during evolution. Since promoter regions are well known to harbor cis-acting information that controls gene transcription, we compared the sequence and function of the D7Rp2e promoter in several Mus species, with the goal of understanding the molecular mechanisms underlying the interspecies variations in expression. Three overlapping binding sites for nuclear factors (sites A, B, and C in proximal to distal order) were identified about 300 bp upstream of the transcriptional start site. The sequences of these sites differ between the species Mus domesticus and M. pahari, which exhibit distinct D7Rp2e expression phenotypes. Site A binds a factor called RPBF-I; sites B and C bind a distinct factor that is termed RPBF-II and is likely a member of the NF-I family of transcription factors. DNase I footprinting experiments with the M. domesticus promoter show that binding of RPBF-II at site B is very strong, while binding of RPBF-I and RPBF-II at sites A and C, respectively, is weak; in contrast, with the M. pahari promoter, factor binding at sites A and C is strong, while that at site B is weak. These differences in patterns of binding-site occupancy derive from changes in the affinities of individual sites for their cognate nuclear factors. Transient transfection experiments indicate that the M. pahari binding pattern is capable of repressing transcription of a linked reporter. Such repression may contribute to the differences in D7Rp2e expression between the two species. We suggest that the speciesspecific footprinting patterns represent the existence of a dynamic equilibrium between two states of nuclear factor binding, the nature of which can be modified during evolution to result in new patterns of gene transcription.
Introduction
Patterns of gene expression are subject to change during evolution. Such change occurs through accumulation of mutations in regulatory elements and results in the emergence of polymorphisms in regulatory phenotypes within species and the fixation of different patterns of gene expression among species. As pointed out by several authors, two hallmarks of evolution, speciation and adaptation, may derive from alterations in gene regulation as much as from changes in protein structure (Wilson, Carlson, and White 1977; MacIntyre 1982; Dickinson 1991) . The significance of gene expression to the evolution of novel characters has been recognized in a variety of organisms, including mice (Bultman, Michaud, and Woychik 1992; Hanks et al. 1995) , nematodes (Lee, Feinbaum, and Ambros 1993; Wightman and Ruvkun 1993) , and arthropods (Noll 1993; Li and Noll 1994; Carroll 1995) . A full understanding of the evolutionary process must, therefore, include knowledge of mechanisms by which altered patterns of gene regulation emerge.
In higher organisms, several aspects of gene expression, including its level, its tissue-specificity, and its response to extracellular effectors (e.g., hormones), are under transcriptional control. Regulation of transcription arises from interactions between cis-acting regulatory elements within DNA and trans-acting nuclear factors that bind these elements. A considerable body of information gathered over the past decade has led to an appreciation of the complexity and multitude of these in-teractions, which usually occur within promoter regions of the affected genes (Mitchell and Tjian 1989; Tjian and Maniatis 1994) . These cis-acting elements and trans-acting factors represent a large number of potential ''targets'' for the modification of transcription during evolution. While it is well recognized that closely related species do differ in patterns of gene transcription (Dickinson et al. 1984; Hammer and Wilson 1987; Martinez-Cruzado et al. 1988; Berger and Watson 1989; Paigen 1989; Krasney, Carr, and Cavener 1990; Wang, Marsh, and Ayala 1996) , little is known about the role of the promoter in such evolutionarily derived changes. A few studies have compared the DNA sequences of promoter regions from several species and have identified changes in putative transcription-factor-binding sites that may underlie altered expression patterns (Magoulas et al. 1993; Ludwig and Kreitman 1995; Samuelson, Phillips, and Swanberg 1996; Segal et al. 1996) . However, the functional impacts, if any, of these alterations have not been examined in detail.
In proximal tubule cells of the mouse kidney, a number of gene products, including ornithine decarboxylase, ␤-glucuronidase, and alcohol dehydrogenase, are induced in response to androgens (Berger and Watson 1989; Paigen 1989) . These inductions are due to increases in mRNA levels, which in turn derive from higher rates of transcription (Watson and Paigen 1988; Rheaume et al. 1989 Rheaume et al. , 1990 . Work in several laboratories has shown that the levels of expression of these genes, as well as the extents of their responses to androgen, are highly variable among species of the genus Mus (TsengCrank, Schonfeld, and Berger 1988; Berger and Watson 1989; Paigen 1989) . Thus, the regulatory elements controlling their expression have undergone extensive change during Mus speciation. The physiological role of androgen induction in the kidney is not known. The D7Rp2e gene (formerly called RP2) was one of the first androgen-inducible mRNAs to be cloned (Berger, Gross, and Watson 1981) . The gene, which is linked to the Gpi-1 locus on mouse chromosome 7 (Elliott and Berger 1983) , is expressed in all tissues and cell types, and encodes at least two differentially polyadenylylated mRNAs that direct the synthesis of a 42 kDa polypeptide of unknown function (Berger, Gross, and Watson 1981; Snider, King, and Lingrel 1985) . Species of the genus Mus are highly variable with regard to the level of D7Rp2e mRNA expression and its hormonal inducibility (Tseng-Crank and Berger 1987; Rheaume et al. 1989) . Genetic analysis has indicated that both cisacting and trans-acting elements contribute to the interspecies variations in D7Rp2e expression (Chaudhuri, Barbour, and Berger 1991) , which have been shown to be due to alterations in rates of transcription of the D7Rp2e structural gene (Rheaume et al. 1989) .
In the present paper, we have analyzed in some detail the structure and function of the D7Rp2e promoter in a number of Mus species. In particular, we describe changes in patterns of nuclear factor binding to overlapping sites within the promoters of two species (M. domesticus and M. pahari) that differ extensively in levels of D7Rp2e mRNA expression. A model for how such altered binding-site occupancy may impact upon transcriptional control is presented.
Materials and Methods Mice
Strain C57BL/6J of species M. domesticus was obtained from the Jackson Laboratory, Bar Harbor, Maine. Mus hortulanus and M. caroli were obtained from Roswell Park Cancer Institute, Buffalo, N.Y. Mus pahari was originally obtained from the National Cancer Institute, and has been maintained at the University of South Carolina. Mus cervicolor, M. minutoides, and M. saxicola were obtained from the National Cancer Institute.
Isolation and Sequence Analysis of the D7Rp2e Promoter from Species of the Genus Mus
Fragments representing the Ϫ922/ϩ104 region of the D7Rp2e promoter from various Mus species were isolated by PCR, using primers based on the previously determined sequence of the M. domesticus promoter (Rhee, Dimaculangan, and Berger 1991; unpublished data) . PCR was carried out for 30 cycles (1 min at 94ЊC, 1 min at 54ЊC, and 1 min at 72ЊC) in 100-l reaction mixtures containing 10 mM Tris-Cl (pH 9), 50 mM KCl, 2 mM MgCl 2 , 0.1% Triton X-100, 10 pmol of each primer, 0.4 mM of each dNTP, and 5 U Taq polymerase (Perkin-Elmer); following the 30 cycles, samples were incubated for 15 min at 72ЊC. The resulting fragments were subcloned into plasmid pBS-SK(ϩ) and sequenced; at least two subclones of each fragment were analyzed to ensure accuracy of results. In several cases, fragments were generated by asymmetric PCR and sequenced directly. All sequencing was carried out using a Sequenase kit (U.S. Biochemical).
DNase I Footprinting and Mobility Shift Analysis
DNase I footprinting was carried out with probes representing the Ϫ378/Ϫ123 region of the D7Rp2e promoter from M. domesticus and M. pahari. The probes were prepared by PCR of genomic DNA; the 5Ј primer for the PCR was end-labeled at nucleotide Ϫ378 with T4 polynucleotide kinase and [␥-32 P]ATP. Reaction mixtures, in a total volume of 50 l, contained 10% glycerol, 0.1 mM Na 2 EDTA, 0.5 mM dithiothreitol, 10 mM HEPES (pH 7.9), 2% polyvinyl alcohol, 1 g poly (dI-dC), 60 mM KCl, and 30-40 g nuclear extract protein; the nuclear extracts were prepared as described by Gorski, Carniero, and Schibler (1986) . After a 5-min preincubation on ice, 2-3 ng of end-labeled DNA fragment (ϳ15,000-30,000 cpm) was added, and the mixtures were incubated for 20 min on ice and 10 min at room temperature. DNase I was added (0.02-0.08 Kunitz U/l for samples containing nuclear extract, and 0.001-0.005 Kunitz U/l for controls containing no extract), along with 50 l of a cofactor solution (10 mM MgCl 2 , 5 mM CaCl 2 ); digestion was for 2 min, after which the reactions were terminated by addition of 100 l of 1% SDS, 200 mM NaCl, 20 mM Na 2 EDTA (pH 8), and 40 g/ml tRNA. The samples were extracted with phenol/chloroform, and nucleic acids were precipitated with 95% ethanol, washed with 70% ethanol, resuspended in loading buffer (80% deionized formamide, 50 mM Tris-borate [pH 8.3], 1 mM Na 2 EDTA, 0.1% xylene cyanol, and 0.1% bromophenol blue), heated at 95ЊC for 3 min, and subjected to electrophoresis through an 8% sequencing gel. Following electrophoresis, the gels were dried and observed by autoradiography. G and GϩA sequencing reactions were included to accurately determine the coordinates of protected regions.
For competitive footprinting, a 100-200-fold excess of the specified double-stranded oligonucleotide was added during the 5-min preincubation prior to addition of the labeled probe. The nonspecific competitor was an oligonucleotide corresponding to the binding site of transcription factor Sp1. Mobility shift assays were carried out with probes corresponding to sites A (Ϫ283/Ϫ253), B (Ϫ299/Ϫ277), and C (Ϫ329/Ϫ292) within the D7Rp2e promoters of M. domesticus and M. pahari; the probes were end-labeled with [␥-32 P]ATP using T4 polynucleotide kinase. Reaction mixtures, in a total volume of 20 l, contained 10 mM HEPES (pH 8), 60 mM KCl, 5 mM (NH 4 ) 2 SO 4 , 5 mM MgCl 2 , 5% polyethylene glycol, 1 mM dithiothreitol, 4 g poly (dI-dC), 1-5 g nuclear extract, and 1 ng 32 P-labeled DNA probe (ϳ20,000-30,000 cpm). After incubation at 30ЊC for 30 min, the samples were subjected to electrophoresis through a native 4% acrylamide gel in 0.89 M Tris-Cl, 0.89 M boric acid, 20 mM Na 2 EDTA. Following electrophoresis, gels were dried and observed by autoradiography. Results were quantitated by extraction of the appropriate band and scintillation counting.
Transient Transfection Analysis
The Ϫ365/Ϫ226 regions of the D7Rp2e promoter from M. domesticus and M. pahari were amplified with primers containing HindIII or Xba I restriction sites and cloned in both orientations into the HindIII/XbaI site of the plasmid pBLCAT2, which contains the minimal tk promoter driving a CAT gene (Luckow and Schutz 1987) . Plasmids pNS402 and pNS403 contain the Ϫ365/ Ϫ226 region of the M. domesticus promoter in the correct and reverse orientations, respectively; plasmids pNS404 and pNS405 contain the homologous region of the M. pahari promoter in the correct and reverse orientations, respectively.
Transient transfection was carried out by calcium phosphate coprecipitation (Graham and van der Eb 1973) , as described in Ausubel et al. (1996) . Mouse kidney epithelial cell line MCT (Haverty et al. 1988 ) was the recipient; cells were maintained in DMEM supplemented with 10% fetal bovine serum in a humidified 5% CO 2 atmosphere at 37ЊC. DNA mixtures contained 5 g of the test construct and 5 g pBS-SK(ϩ); 2 g pSV-luc, carrying a luciferase gene reported under control of the SV40 promoter, was included as a control for transfection efficiencies. Following transfection, extracts were prepared and assayed for both luciferase (de Wet et al. 1987) and CAT (Gorman, Moffat, and Howard 1982) . CAT activities were expressed relative to the luciferase activities; values for pBLCAT2, carrying the tk/ CAT reporter on its own, were set at 1.0.
Results

Sequence Analysis of the D7Rp2e Promoter from Various Mus Species
We have determined the DNA sequence of the proximal region of the D7Rp2e promoter from each of several Mus species, using PCR to isolate the regions of interest. The analysis included the species M. domesticus (strain C57BL/6J), M. hortulanus, M. caroli, M. cervicolor, M. saxicola, M. pahari, and M. minutoides ; the phylogenetic relationships among these species are depicted in figure 1. The various promoters are highly homologous in sequence, although a number of nucleotide substitutions and indels (insertions/deletions) are apparent ( fig. 2 ). All contain a B1 repetitive element between nucleotides Ϫ568 and Ϫ749. This element is flanked by a 15-bp direct repeat, indicating that it was inserted into the promoter by transposition. It is likely that this transposition occurred at about the time of the rat/mouse split, since the element is present in all Mus species examined, yet is absent from the rat (data not shown). The M. caroli promoter contains a B2 element which is inserted into the upstream copy of the direct repeat flanking the B1 element, generating three copies of the direct repeat ( fig. 2) . One of the more highly conserved regions of the promoter, i.e., that between nucleotides Ϫ770 and Ϫ830, contains a GRE that binds the androgen receptor and that may be involved in hormonal regulation of D7Rp2e expression (Rhee, Dimaculangan, and Berger 1991; Asadi, Dimaculangan, and Berger 1994) .
Quantitation of the extents of sequence divergence indicates that the D7Rp2e promoter has evolved at about the neutral rate during Mus evolution (i.e., about 5 ϫ 10 Ϫ9 nucleotide substitutions/site/year). Overall, therefore, there do not appear to be strong selective constraints on base substitutions within the promoter. Of course, this does not rule out the possibility that small regions, in particular those that recognize trans-acting DNA-binding factors, might be selectively constrained.
The three overlapping nuclear-factor-binding sites that are of primary focus in the present work (termed A, B, and C, in proximal to distal order) are shown in figure 2. In two species (M. saxicola and M. minutoides), there is a 12-13-bp insertion between sites B and C, removing the overlap between them ( fig. 2 ). This insertion is present in the rat promoter, making it likely that sites B and C were separate in the ancestral D7Rp2e promoter and that deletion of the region between the two sites occurred during Mus speciation; this deletion was fixed in five of the seven Mus species examined. Previous mobility shift and DNase I footprinting experiments from this laboratory showed that sites A and B within the M. domesticus and M. caroli promoters are binding sites for nuclear proteins (Rhee, Dimaculangan, and Berger 1991) . Site A binds a factor that is present in both liver and kidney nuclear extracts and has been termed RPBF-I (D7Rp2e binding factor I). Site B binds a factor termed RPBF-II (Rhee, Dimaculangan, and Berger 1991) and contains a consensus sequence (TGG(C/ A)N 5 GCCA) for the transcription factor NF-I (nuclear factor I); this suggests that RPBF-II may be a member of the NF-I family of transcription factors (Rhee, Dimaculangan, and Berger 1991) . The observation that an oligonucleotide containing a consensus NF-I sequence competes away binding of RPBF-II to site B (Rhee, Dimaculangan, and Berger 1991 ; see below) is consistent with this suggestion. The 4-bp overlap between sites A and B leads to competitive binding between RPBF-I and RPBF-II (Rhee, Dimaculangan, and Berger 1991 Inspection of the sequence data in figure 2 reveals that sites A and B in M. pahari, a species in which expression and hormonal regulation of D7Rp2e is significantly different from that in M. domesticus (TsengCrank and Berger 1987) , contain a number of sequence changes ( fig. 2) . A 7-bp insertion, creating an imperfect tandem repeat, exists within site A of M. pahari. In addition, site B of this species contains an A→G substitution at the terminal nucleotide of the NF-I-specific motif. DNase I footprinting was used to determine if one or more of these changes have an impact on bindingsite function. DNA templates for these experiments spanned the region of the D7Rp2e promoter between nucleotides Ϫ123 and Ϫ378 and were end-labeled at Ϫ378; nuclear extracts were from M. domesticus liver.
With the M. domesticus template, very strong protection was observed over site B, along with weaker protection over site A (fig. 3) . Slight protection of the region upstream of site B, to nucleotide Ϫ324, was also detected in some experiments. A very different result was obtained with the M. pahari template. Strong protection was observed over site A, with a distinct hypersensitive site at its 5Ј border ( fig. 3 ). There was also strong protection over a new site (site C) located between nucleotides Ϫ296 and Ϫ324, upstream of site B ( fig. 3 ). There was little or no protection over site B of the M. pahari promoter ( fig. 3) .
Identical results were obtained using nuclear extract prepared from kidney (data not shown). Furthermore, the results were independent of the species (M. domesticus or M. pahari) from which the nuclei were obtained (data not shown). Thus, the species-specific differences in footprint patterns are a function of the DNA template, and not the source of nuclear extracts. Extracts from M. domesticus liver were used in all further experiments described in the present work.
Identity of Nuclear Factors that Bind Sites A, B, and C Within the D7Rp2e Promoter As mentioned above, site A binds the novel factor RPBF-I, while site B binds the putative NF-I-like factor RPBF-II. We speculated that site C may also bind an NF-I-like factor, since it contains a TGG motif, which is a half-NF-I site that is known to bind the protein (Gregorio et al. 1988; Eskild et al. 1994) . In order to verify the identities of factors binding the three sites, we tested the ability of unlabeled double-stranded oligonucleotides to compete for binding to nuclear extract proteins.
Results of competitive DNase I footprinting with the M. domesticus promoter are shown in figure 4. The typical footprint for this species is seen in lane 2. An oligonucleotide representing site C of either M. pahari (lane 3) or M. domesticus (lane 5) effectively removes the weak footprint over site C, while a nonspecific competitor corresponding to transcription factor Sp1 (lane 4) has no effect. Of interest is the observation that the site C oligonucleotides partially inhibit the strong footprint over site B (lanes 3 and 5), suggesting that sites B and C bind similar proteins, albeit with different affinities. This is supported by the fact that an oligonucleotide representing site B of M. domesticus inhibits formation of the footprints over both sites (lane 6); in addition, a consensus NF-I-specific oligonucleotide removes the footprint over both sites (lane 7). The data, in total, are consistent with the notion that sites B and C in M. domesticus each bind RPBF-II; binding at site B is stronger than that at site C.
It is noteworthy that inhibition of the site B footprint by either a site B or an NF-I-specific oligonucleotide resulted in a clear enhancement of the footprint over site A (fig. 4, lanes 6 and 7) . This was consistently observed in numerous experiments, and indicates that RPBF-I binding to site A and RPBF-II binding to site B are mutually competitive. Such competititon for binding to the two sites was observed in an earlier study (Rhee, Dimaculangan, and Berger 1991) .
The results of competitive footprinting with the M. pahari promoter are shown in figure 5 . The typical pattern for this species is seen in lane 2. An oligonucleotide representing site C of M. pahari (lane 4), as well as an NF-I-specific oligonucleotide (lane 6), removes both the strong footprint over site C and the weak footprint over site B; a site C oligonucleotide from M. domesticus only partially inhibits formation of these footprints (lane 5). There are no effects of the nonspecific Sp1 oligonucleotide (lane 3). Thus, as for the M. domesticus template, sites B and C of M. pahari each bind RPBF-II; however, in contrast to the M. domesticus template, binding at site C is much stronger than that at site B.
Characterization of Individual Nuclear-Factor-Binding Sites
To gain insight into the mechanism(s) underlying the interspecies differences in footprint patterns, we used mobility shift analysis to characterize the affinities of isolated M. domesticus and M. pahari binding sites for their corresponding nuclear factors. Double-stranded oligonucleotides representing each of the sites from both species were used as probes; the ability of competitor oligonucleotides to inhibit nuclear factor binding was used as a measure of relative affinities. Results for each of the sites are described separately.
A 7-bp insert occurring within site A of M. pahari creates an imperfect tandem repeat that is most likely a consequence of replicative strand slippage. To determine if this insert has an impact on RPBF-I binding to site A, mobility shift assays were conducted with doublestranded oligonucleotide probes representing site A of either M. domesticus or M. pahari. As seen in figure 6 , the unlabeled competitor, corresponding to site A of M. domesticus, inhibited complex formation much more efficiently with the M. pahari probe than with the M. domesticus probe. Thus, the 7-bp insert within M. pahari binding site A causes a reduction in its affinity for RPBF-I.
Site B of the M. pahari promoter differs from that in M. domesticus by an A→G substitution at the terminal nucleotide of the NF-I-binding motif. To assess the impact of this change on the binding of nuclear factors, mobility shift assays were carried out with oligonucleotide probes representing site B of M. domesticus. Results ( fig. 7) showed that the competitor corresponding to site B of M. domesticus was much more efficient Upper panel: Lane 1 shows results with no competitor. Lanes 2-5 show the results of adding increasing amounts of a competitor representing site B of M. domesticus; lanes 6-9 show the results of adding increasing amounts of a competitor representing site B of M. pahari. Lane 10 is the probe alone, i.e., with no extract added. The DNA-protein complex is indicated by an asterisk; the free probe is indicated by an arrowhead.
Lower panel: Graphical depiction of the data was obtained by determining the fractional amount of probe in the DNA-protein complex (see Materials and Methods). Ⅵ, M. domesticus competitor; ࡗ, M. pahari competitor.
competitor oligonucleotides to inhibit complex formation with a probe corresponding to site C of M. pahari. Figure 8 shows that competition was more efficient with the M. pahari competitor than with the M. domesticus competitor. Thus, site C of M. pahari has a greater affinity for RPBF-II than does site C of M. domesticus.
The individual affinities of the three binding sites for their corresponding nuclear factors explain, at least in part, the interspecies differences in DNase I footprint patterns. Relative to the M. domesticus promoter, the M. pahari promoter exhibits a reduced affinity for nuclear factors at site A, a reduced affinity at site B, and an increased affinity at site C. The DNase I protection experiments in figures 3 and 4 showed that the M. domesticus promoter forms a strong footprint over site B, while the M. pahari promoter forms strong footprints over sites A and C. The interspecies differences in nuclear factor affinities for sites B and C are consistent with these variations in footprint patterns. In contrast, the interspecies differences in binding factor affinities for site A do not reflect the footprinting patterns. Whereas this site in M. domesticus exhibits a higher affinity for nuclear factors than does that in M. pahari ( fig. 6) , it is weakly footprinted in the former species and strong- ly protected in the latter (fig. 3 ). This indicates that the behavior of individual binding sites in isolation may not reflect the behavior of these sites in the context of intact promoter fragments.
Effects of Altered Binding-Site Occupancy on Transcription
We used transient transfection analysis to assess the functional impact, if any, of altered binding-site occupancy at sites A, B, and C within the D7Rp2e promoter.
In preliminary experiments, we found that transfection of either an intact D7Rp2e gene or a recombinant construct containing the D7Rp2e promoter driving a reporter resulted in very low levels of transcription that were not initiated at the appropriate in vivo start site (unpublished data). Thus, we used a heterologous promoter.
The Ϫ365/Ϫ226 region of the D7Rp2e promoter from M. domesticus or M. pahari was placed in both orientations in front of a chloramphenicol transacetylase (CAT) gene driven by a thymidine kinase (tk) promoter. Plasmids pNS402 and pNS404 contain the M. domesticus and M. pahari fragments, respectively, in the correct orientation (fig. 9 ); pNS403 and pNS405 contain the fragments in the reverse orientation. The constructs were transiently transfected into murine kidney cell line MCT, and CAT activities were measured. Results were compared with those of the reporter on its own, i.e., with no D7Rp2e promoter fragments. Constructs containing the Ϫ365/Ϫ226 region from M. domesticus resulted in CAT activities that were similar to those with the reporter alone ( fig. 10) , regardless of the orientation of the promoter fragment; this indicates that this region of the M. domesticus promoter has no effect on transcription of the linked reporter. The construct containing the M. pahari promoter fragment in the correct orientation expressed 25%-30% as much CAT activity as the reporter on its own (fig. 10) ; this effect was not observed when the M. pahari fragment was in the reverse orientation ( fig. 10) . Thus, the Ϫ365/Ϫ226 region of the M. pahari promoter represses transcription of the linked reporter.
Similar results were obtained when the constructs were introduced into other cell lines (data not shown). We conclude that the Ϫ365/Ϫ226 region of the M. pahari promoter is a cis-acting repressor of transcription in the correct, but not the reverse, orientation. This suggests that the interspecies differences in binding-site occupancy can modify promoter activity, at least in the context of transient transfection assays.
Discussion
The role of gene promoters in the evolutionary modification of transcription is not well understood. Given the extensive amount of regulatory information within promoter regions of eukaryotic genes, it is pertinent to determine how changes in this information bring about altered patterns of gene expression among species. The murine D7Rp2e gene is an attractive model for such evolutionary studies of promoter function, since its expression is highly variable among species of the genus Mus (Rheaume et al. 1989; Tseng-Crank and Berger 1987) .
In the current study, DNase I footprinting analysis was used to demonstrate the existence of altered patterns of binding-site occupancy within the D7Rp2e promoter between M. domesticus and M. pahari. In M. domesticus, binding of RPBF-II to site B is quite strong, while binding of RPBF-I and RPBF-II to sites A and C, respectively, is weak; on the other hand, in M. pahari, binding of RPBF-I and RPBF-II to sites A and C, respectively, is strong, while binding of RPBF-II to site B is weak. While the M. domesticus-specific pattern has no observable impact on transcription, the M. pahari pattern exerts a repressive effect. Thus, altered bindingsite occupancy elicits changes in the functions of the corresponding regulatory elements.
The sequence of each of the three binding sites is different between M. domesticus and M. pahari, so a number of possibilities exist regarding the primary changes responsible for the alterations in binding-site occupancy. It is unlikely that sequence changes in site A play a role, since this site in M. pahari has an intrinsically weaker affinity for RPBF-I than does that in M. domesticus, as determined by mobility shift assays. On the other hand, changes in site B, site C, or both may be critical. Site B of M. pahari, which contains an A→G substitution relative to M. domesticus, displays a weaker affinity for RPBF-II in mobility shift experiments. Such a reduced affinity between RPBF-II and site B might allow more efficient binding of RPBF-I and RPBF-II to sites A and C, respectively. However, site C of M. pahari binds RPBF-II more readily than does this site in M. domesticus, so it is also possible that the M. paharispecific pattern is due to the stronger binding at site C, which would competitively exclude RPBF-II binding at site B, thereby allowing RPBF-I binding at site A. In vitro mutagenesis studies (unpublished data) have shown that introduction of the A→G substitution into site B of the M. domesticus promoter results in a M. pahari-like binding pattern, indicating that the altered affinity between RPBF-II and site B is an important determinant of the differential footprint patterns.
The particular sequence changes that distinguish sites A, B, and C of M. pahari are unique to this species ( fig. 2) , making it likely that they arose after separation of the M. pahari lineage from other species lineages of the Mus genus. Two other species (M. minutoides and M. saxicola), which also represent lineages that separated early in Mus evolution (see fig. 1 ), contain a 12-13-bp insertion between sites B and C, effectively removing the overlap between the two sites ( fig. 2) . Since the rat promoter contains a similar insertion (data not shown), it is likely that such separation of site C from sites A and B represents the ancestral configuration. Preliminary footprinting data indicate that the M. minutoides promoter has a unique pattern, with strong factor binding at site B, weak binding at A, and none at C; in addition, this promoter exhibited a rather striking DNase I hypersensitivity over the region of the insertion between sites B and C. Thus, the various Mus species may have acquired distinct patterns of DNA factor binding to elements within the D7Rp2e promoter, suggesting that they have evolved unique species-specific mechanisms for regulating D7Rp2e gene expression.
The results, overall, lead us to suggest that the M. domesticus-specific and the M. pahari-specific footprinting patterns represent two states of binding-site occupancy that are in a dynamic equilibrium. In one state, which is favored in M. domesticus, site B is tightly bound by RPBF-II, while sites A and C are unbound; in the alternative state, which is favored in M. pahari, sites A and C are tightly bound by RPBF-I and RPBF-II, respectively, while site B is unbound. The M. paharilike pattern, with factor binding at sites A and C, is detectable to a small extent with the M. domesticus promoter ( figs. 3 and 4) ; similarly, the M. domesticus-like pattern, with factor binding at site B, occurs to a de-tectable extent with the M. pahari promoter (figs. 3 and 5). Thus, the overall DNase I footprinting patterns reflect the nature of the equilibrium between the two states. A critical feature of this model is that one or more sequence changes within the binding sites of interest shift the equilibrium between the two states. As mentioned above, experiments to be published elsewhere indicate that the A→G substitution within site B of M. pahari, which weakens the site's affinity for RPBF-II ( fig. 7) , is primarily responsible for the change in footprinting pattern between this species and M. domesticus (unpublished data). Thus, strong binding of RPBF-II to site B in the M. domesticus promoter, which results in competitive exclusion of factor binding at sites A and C, shifts the equilibrium in favor of the M. domesticuslike state. In contrast, the A→G substitution at site B of M. pahari, which significantly weakens RPBF-II binding at this site, allows binding of RPBF-I and RPBF-II to sites A and C, respectively; this, in effect, shifts the equilibrium in favor of the alternative state.
Based on the results of transient transfection experiments, the M. domesticus-like state exerts no significant effect on transcription; in contrast, the M. pahari-like state exerts a repressive impact ( fig. 10 ). Repression by the M. pahari fragment could be caused by binding of RPBF-II to site C, binding of RPBF-I to site A, or both. The cell line used for the transfection analysis, as do all cell lines that have been examined, contains RPBF-II, yet is devoid of detectable RPBF-I (Asadi, Dimaculangan, and Berger 1994; unpublished data). It is therefore likely that the repression observed in the M. pahari-like state is due to binding of RPBF-II at site C. Several cases are known in which NF-I, which is the likely identity of RPBF-II, represses transcription (Guér-in et al. 1993; Adams, Choate, and Thompson 1995) .
It is important to note that our transfection experiments measured the impact of D7Rp2e elements on a heterologous tk promoter. Use of this promoter was necessitated by the low level, and inappropriate initiation, of transcription directed by the transfected D7Rp2e promoter itself. It is formally possible that the effects of species-specific binding-site occupancy that we have observed for the tk/CAT construct do not apply to the intact D7Rp2e gene owing to differences that may exist in particular initiation factors, etc. At the least, our experiments do indicate that the differences in footprint patterns are potentially capable of eliciting changes in transcriptional activity. Further experiments will be necessary to determine whether or not such changes are exerted on the intact D7Rp2e promoter itself.
The level of renal D7Rp2e mRNA expression is severely repressed in M. pahari relative to the other Mus species that have been examined (Tseng-Crank and Berger 1987) . It is possible that the M. pahari binding pattern, which is associated with transcriptional repression, may contribute to this species' extremely low levels of D7Rp2e expression. The androgen-resistance of D7Rp2e expression in M. pahari may also be due to the alterations in binding-site occupancy. Unfortunately, the difficulties in mimicking androgen induction of transfected genes in tissue culture (Asadi, Dimaculangan, and Berger 1994) have hampered our efforts to examine effects of binding-site occupancy on hormonal response.
While the results of our transient transfection experiments may in fact explain, at least in part, the interspecies variation in D7Rp2 expression, differences between exogenously introduced genes and their endogenous counterparts complicate interpretation of the transfection assays. Exogenously introduced gene constructs exist as extrachromosomal elements in high copy numbers, a chromosomal context that is quite distinct from that for endogenous genes. Furthermore, the cells used as hosts for DNA transfection are abnormal and provide intracellular environments that are very different from those of fully differentiated cells in the tissues of adult animals. Finally, as discussed above, our use of a heterologous promoter may not be applicable to the natural D7Rp2e promoter. It is clear that understanding the function of the promoter regulatory elements, particularly with regard to their function in vivo, will require studying them under conditions that mimic to as great an extent as possible the environment of endogenous elements in their native chromosomal context. Transgenic mice, as well as gene-targeted mutant mice, will be critical in further studies of the functional impact of alterations in the D7Rp2e promoter.
In summary, although additional experimentation is required, the observations that we have made thus far suggest a general mechanism whereby gene transcription is modified during evolution. Of primary importance may be mutational alterations that cause subtle shifts in the dynamic equilibrium between alternative states of transcription factor binding to cognate sites within the promoter regions of affected genes. The nature of this equilibrium, in governing the fraction of genomes within a tissue in which the promoter of interest is in one state or the other, ultimately defines that gene's level of expression.
